Local cerebral glucose utilization assayed by the ['4C]deoxyglucose ([14C]DG) method and calculated by means of its operational equation with values for the rate constants and lumped constant determined in rats under physiological conditions remains relatively stable with variations in arterial plasma glucose concentration within the normoglycemic range. Large changes in arte rial plasma glucose level may, however, significantly alter the values of these constants and lead to artifactual re sults. Values for the lumped constant have been mea sured and reported for a wide range of arterial plasma glucose concentrations ranging from hypoglycemia to hy perglycemia in the rat (Schuier et aI., 1981; Suda et aI., 1981; Pettigrew et aI., 1983). In the present study we have redetermined the rate constants in rats with arterial plasma glucose levels clamped at � 350, 450, and 550 mg/dl (i.e., 19,25, and 31 mM) by a glucose clamp tech nique. The rate constants for the transport of DG from
plasma to brain, Ki, and its phosphorylation in tissue, kj, were found to decline with increasing plasma glucose levels, while the rate constant for its transport back from brain to plasma, k:{, remained relatively unchanged from its value in normoglycemia. These rate constants were used together with the previously determined values for the lumped constants to calculate local rates of cerebral glucose utilization in three groups of rats in which arterial plasma glucose levels were clamped at �350, 450, and 550 mg/dl (i.e., 19,25, and 31 mM) . Av erage glucose uti lization in the brain as a whole was unchanged in hyper glycemia from the values calculated in normoglycemic rats with the standard normal set of constants. Changes in the rate of glucose utilization were found, however, in the hypothalamus, globus pallidus, and amygdala during hyperglycemia. Key Words: Brain-Deoxyglucose-De oxyglucose method-Rate constants.
cose-6-phosphate (DG-6-P) (i.e., kj); and (b) the lumped constant, which is a proportionality factor that relates DG phosphorylation to net glucose phosphorylation by taking into account the differ ences in the kinetic properties of glucose and its an alogue, DG, with respect to their blood-brain bar rier transport and hexokinase-catalyzed phosphor ylation. The rate constants and lumped constant were originally determined in rats only for experi mental conditions in which the glucose level was within the physiological normoglycemic range (So koloff et aI., 1977) . Local rates of cerebral glucose utilization determined with the DG method and cal culated by the operational equation of the method with these standard constants remain relatively stable with changes in arterial plasma glucose levels within the physiological normoglycemic range, ex cept in a few structures that are involved in auto nomic functions responsive to the blood glucose level (Kadekaro et al., 1980) . Tr ansport of DG and glucose across the blood-brain barrier and their phosphorylation in brain tissue are carried out, however, by saturable carrier-mediated or enzyme catalyzed processes in which the two compounds are competitive substrates with different kinetic constants; large changes in arterial plasma glucose concentration can then be expected to alter signifi cantly the values of the lumped and rate constants (Gjedde, 1982; Pardridge, 1983) .
The lumped constant was previously experimen tally redetermined by the direct model-independent steady-state method for a wide range of arterial plasma glucose concentrations from hypoglycemia to hyperglycemia in the rat (Schuier et al., 1981; Suda et al., 1981; Pettigrew et al., 1983) . In the present study we have determined new sets of rate constants for different levels of hyperglycemia and used them together with the appropriate previously determined lumped constants to examine the ef fects of hyperglycemia on LCMR g \u in the rat. The results demonstrate that increasing hyperglycemia progressively reduces the values of the rate con stants for DG transport from plasma to brain and its phosphorylation in brain tissue, Kj and kj, respec tively. The rate constant for transport of DG back from tissue to plasma, kf, was difficult to estimate but appeared to change relatively little. The results also demonstrate that hyperglycemia alters LCMRg\u in only a few discrete brain regions, but the average rate of glucose utilization in the brain as a whole remains unchanged.
MATERIALS AND METHODS

Chemicals
Calibrated [I4Cltoluene, used for internal standardiza tion of radioactive samples assayed by liquid scintillation counting, 2-deoxY-D-[I-14C]glucose (spec. act. 45-55 mCi/mmol), and 2-deoxY-D-[U-14C]glucose (spec. act. 300-350 mCi/mmol) were purchased from New England Nuclear (Boston, MA, U.S.A.). Glucose infusion solu tions were prepared by dissolving D-glucose (Mal linckrodt Chemical Works, St. Louis, MO, U.S.A.) in water at concentrations of 300 or 400 mg/ml (16.7 or 22.2 mM).
Animals
The experiments were carried out on male Sprague Dawley rats weighing 300-450 g, age matched within each experimental group. The animals were maintained under normal controlled lighting and temperature condi tions and allowed free access to Purina laboratory chow and water until used. On the day of the experiment, poly ethylene catheters (PE-50; Clay Adams, Parsippany, NJ, U.S.A.) were inserted under light halothane anesthesia in both femoral veins for glucose and [I4C]DO administra tion and in one femoral artery for blood sampling. After surgery the animals were partially restrained by a loose-fitting plaster cast applied to the lower abdomen and upper hind limbs and taped to a lead brick for support. At least 2 h were allowed for recovery from anesthesia and surgery.
Physiological variables
Arterial blood pH, Pe02, and P02 were measured (ILS model 213 blood gas analyzer; Instrumentation Labora tory, Lexington, MA, U.S.A.) just prior to the adminis tration of [14C]DO. Mean arterial blood pressure was also measured at this time with an air-damped mercury ma nometer. Hematocrit was measured immediately before the beginning of the procedure and repeated again just prior to killing. Body temperature was continuously monitored by a rectal probe and telethermometer (model 73; YSI, Yellow Springs, OH, U.S.A.) and maintained at 3rC by a heat lamp. Animals in which any of these phys iological conditions, other than the arterial plasma glu cose level, were beyond the normal range in our labora tory (Sokoloff et aI., 1977) were excluded from the study. Arterial plasma insulin concentration at the time of killing was also measured in some of the animals by radioimmu noassay (Hazelton Laboratories America, Vienna, VA, U.S.A.).
Hyperglycemic steady state: induction and maintenance
Three levels of arterial plasma glucose concentration, �350, 450, or 550 mg/dl (i.e., 19, 25, or 31 mM) , were induced and maintained reasonably constant throughout the experimental procedure in all rats by continual moni toring of the arterial plasma glucose concentration and adjustment of the infusion rate of a glucose solution (300 or 400 mg/dl) into one of the femoral veins. The infusion schedule consisted of the administration of a priming dose to attain the desired plasma glucose concentration followed by adjustments of the infusion rate as described by DeFronzo et al. (1979) and modified by Schuier et al. (1981) for use in the rat. Arterial blood samples were drawn at 5-min intervals, and the plasma was assayed for glucose concentration (Beckman Glucose Analyzer II; Beckman Instruments, Fullerton, CA, U.S.A.). The measured concentrations were used to compute the ad justments to the rate of infusion of glucose required to maintain the desired plasma glucose level. At least 30 min of more or less constant hyperglycemia was allowed to pass before the [I4C]DO was administered to initiate the procedure for determination of either the rate constants or the LCMRglu' The average rate of infusion during the entire experimental procedure never exceeded 3.0 ml/h. A representative time course of a glucose infusion schedule and the resulting arterial plasma glucose con centration are presented in Fig. 1 . In all animals either the arterial glucose concentration was maintained con stant within ± 10% of the target level throughout the pro cedure or the animal was rejected from the study.
Determination of the rate constants
The theoretical basis for the determination of the rate constants of the DO method has been previously de scribed in detail (Sokoloff et aI., 1977) . Equation 1 is a slightly modified and simplified version of the equation derived by Sokoloff et al. (1977) and used by them to es timate the rate constants: 1 2 e -(ki+kj) T C*(t)e (ki+ kj >tdt is possible in any one animal, different experimental pe riods were applied to different rats matched for age and weight. Each determination of a set of values for the three rate constants required experiments on 15 rats, 3 rats each for experimental periods of �5, 10, 15-20, 25-30, and 40-45 min. In each rat the time courses of arterial plasma [14C]DG and glucose concentrations were measured from zero time to the time of killing. Two repli cate series (Series A and B) were studied. Each series consisted of three groups of 15 animals each, one group each for arterial plasma glucose levels clamped at � 350, 450 and 550 mg/dl (i.e. , 19,25, and 31 mM).
After the desired plasma glucose level had been reached and maintained constant for at least 30 min, each animal was infused at a constant rate with [U-14C]DG through the second venous catheter for a total dose of �200-500 /-LCi/kg; the shorter the experimental period and/or the higher the level of hyperglycemia, the greater the dose. [U-14C]DG was used because of its greater spe cific activity to administer the larger doses of radioac tivity without exceeding a tracer dose of 2.5 /-Lmol DG/kg body weight. Timed arterial blood samples were col lected for assay of the plasma ['4C]DG concentration by liquid scintillation counting (model LS-255; Beckman) and also of the plasma glucose concentration. At the end of the experimental period, the animals were killed by decapitation. Brains were quickly removed, frozen in isopentane cooled to -40°C, coated with embedding ma trix, and stored at -70°C in plastic bags until they were eventually cut coronally into 20-/-Lm sections in a cryostat cooled to -22°C. The sections were then autoradio graphed on x-ray film (Kodak OM-I; Kodak, Rochester, NY, U.S.A.) along with a set of calibrated [14C]methyl methacrylate standards (Amersham, Arlington Heights, IL, U.S.A.). Optical densities in the autoradiographs were measured bilaterally in 18 brain regions considered to be representative of gray and white structures by means of a computerized image-processing system (Goo chee et aI., 1980) or a manual microdensitometer (Den sichron, model PPD; Sargent-Welch, Skokie, IL, U.S.A.). Tissue concentrations of 14C were determined from the optical densities of the tissues in the autoradio graphs by means of a calibration curve derived from the relationship between the optical densities of the cali brated standards and their equivalent tissue 14C concen trations. The least-squares best-fit estimates of Ki, ki, and kj were obtained for each cerebral structure from the fitting of Eq. 1 to the measured local tissue and plasma concentrations of 14C and [14C]DG, respectively, by a nonlinear iterative routine of the MLAB program (Knott and Reece, 1972; Knott and Shrager, 1972) .
Measurement of local rates of cerebral glucose utilization
Three different levels of plasma glucose concentration, -350,450, and 550 mg/dl (19,25, and 31 mM), were in duced and sustained in three groups of rats as described above. A fourth group of animals, used as normogly cemic controls, was infused similarly with physiological saline. Plasma glucose concentrations were maintained within ± 10% of the desired level for at least 30 min be fore an intravenous pulse of [1_14C]DG (-100-125 /-LCi and 2-2.25 /-Lmollkg body weight) was injected to initiate the measurement of LCMRglu' Timed arterial blood samples were drawn during the 45 min after the [14C]DG pulse and assayed for plasma glucose and 14C concentra tions as described above. At -45 min the animals were killed by an intravenous dose of sodium thiopental. The brains were quickly removed, frozen, sectioned, and au toradiographed, and local tissue 14C concentrations were determined by quantitative densitometry of 43 structures represented in the autoradiographs as described above. Rates of glucose utilization were calculated from the tissue 14C concentrations and the time courses of the plasma glucose and [14C]DG concentrations by the opera tional equation of the method (Sokoloff et aI., 1977) . The mean rate constants for gray or white matter and the lumped constant appropriate to each animal's plasma glucose level (see Ta ble 1) were used in the calculations; LCMRglu in normoglycemic control animals was calcu lated with the rate and lumped constants originally re ported by Sokoloff et al. (1977) for normal physiological conditions. Weighted average rates of glucose utilization for the brain as a whole were determined from the local tissue rates by means of the computerized image-pro cessing system as described by Goochee et al. (1980) .
Statistical analysis
Differences in rates of glucose utilization between each of the three hyperglycemic groups and the normogly cemic control values were tested for statistical signifi-cance by Dunnett's procedure for multiple comparisons (1964) .
RESULTS
Physiological variables
Arterial pH, Po2, Pco2, hematocrit, blood pres sure, and body temperature at all levels of hyper glycemia examined were well within the range found in the normoglycemic animals. The plasma insulin concentration at the time of killing in nor moglycemic rats was 16 ± 2 flU/ml (mean ± SEM, n = 18) compared with 105 ± 14 flU/ml (n = 15) in animals with arterial plasma glucose levels near 350 mg/dl (19 mM) , 131 ± 11 flU/ml (n = 17) at 450 mg/dl (25 mM) , and 132 ± 13 flU/ml (n = 15) at 550 mg/dl (31 mM). The means ± SD of the arterial plasma glucose levels in each of the groups of an imals studied are presented in Ta bles 1-3.
Values of the rate constants
Least-squares best-fit estimates of Kj, ki, and kj to Eq. 1 and their standard errors of the estimates were determined for 16 gray and 2 white structures in two replicate sets of animals at each of the three plasma glucose levels (Table 1) . The values of the individual rate constants were found to vary con siderably among the different brain structures. Variations between gray and white structures were notably greater than those within gray or white tissue. The standard error of the estimates for each individual rate constant was quite high, ranging from 20 to 50% of the mean in all cases. Compar ison of the values for the rate constants obtained in the two replicate sets of experiments (see Series A and B in Ta ble 1) also reveals the high variability in the results between replicate series of experiments at each of the three hyperglycemic levels, particu larly at the level of 550 mg/dl (31 mM) (Table 1 C).
Arithmetic average values for Kj, k:{, and kj for gray and white matter were calculated separately from the individual values for the 16 gray and 2 white structures examined for each of the three plasma glucose levels in the two series of experi ments. The mean values so obtained from each of the two series were then averaged together to ob tain the values (Table 2 ) that were used to calculate LCMRglu' Kj, the rate constant for [14C]DG trans port from plasma to brain, was found to decrease progressively with increasing arterial plasma glu cose concentrations in both gray and white matter (Fig. 2) . The value of Kj at the plasma glucose level of 550 mg/dl (i.e., 31 mM) was �50% of that pre viously found in normoglycemia (Sokoloff et al., 1977) . The same trend was observed for kj ( Fig. 2) . On the other hand, k:{ did not change significantly 0.0 ± 0.008
The individual values of Ki, k!, and kj are the estimates ± standard errors of the estimates determined by nonlinear least-squares fits of Eq. I to the data from 15 animals in each experimental series (Knott and Shrager, 1972; Knott and Reece, 1972) . The means ± SEM of the rate constants were calculated from the individual values of either the gray structures or the white structures; the SEM values were calculated from the standard errors of the estimates of the individual rate constants and their covariances.
in either gray matter or white matter at any of the plasma glucose levels studied (Fig. 2) . It should be noted, however, that k:f was extremely difficult to fit, and relatively poor agreement was obtained for k:f between the two series of determinations (Table   1) ; possible changes in its value with changing plasma glucose concentration could easily have been obscured by the imprecision in its determina tion.
Rates of local cerebral glucose utilization
Progressive increases in the arterial plasma glu cose level (mean ± SD: 7.4 ± 1.2, 19.7 ± 0.6, 25.3 ± 0.9, and 31.1 ± 0.9 mM) produced no statisti cally significant changes in the average rates of glu cose utilization in the brain as a whole. Similarly, there were no statistically significant effects of hy perglycemia on LCMRglu in any of the cerebral structures examined, except for some increases in the ventromedial and anterior nuclei of the hypo thalamus, central amygdala, and globus pallidus (Table 3) .
DISCUSSION
In contrast to the situation with the rate con stants, inaccuracies in the values of the lumped constant are translated directly into proportionate errors in the estimations of LCMRglu by the opera tional equation of the DG method (Sokoloff et aI., 1977) . Fortunately, the lumped constant changes relatively little under normal physiological condi tions, and its value determined experimentally (So koloff et aI., 1977) for such conditions can be safely used. For conditions outside the normal physiolog ical range, the lumped constant and the rate con stants must by redetermined for the specific condi tion under study. Hypoglycemia and hyperglycemia The values represent the means ± SEM calculated from the individual values obtained in 16 gray structures and 2 white structures reported in Ta ble I. The SEMs of the values for gray matter and white matter were calculated from the standard errors of the estimates of the individual rate constants and their covariances. n = no. of animals.
a The loge 2/(k� + kj) represents the half-life of the free [14Cldeoxyglucose pool in the tissues. b From Schuier et al. (1981) and Pettigrew et al. (1983) .
W l e( 0:: and backward across the blood-brain barrier and for phosphorylation (i.e., Ki, k2' and k;, respectively) in gray and white matter of the rat brain. For the arterial plasma concentrations between 350 and 550 mg/dl (i.e., 19 and 31 mM), each rate constant was determined for each individual cerebral structure twice in two separate series of experiments (Series A and S, Table 1 ). In each series the values for each rate constant obtained in the various tissues were arithmetically averaged separately for gray matter and white matter ( Table 1) . The plotted points are the means of the average values for the rate constants in gray matter and white matter obtained in the two series. The vertical bars represent ± SEM calculated from the standard errors of the estimates of the individual rate constants and their covariances. The values for the rate constants at 150 mg/di (8.3 mM) are the means ± SEM for gray and white matter previously obtained by similar methods by Sokoloff et al. (1977) in normoglycemic rats. Ki has units of mi· g-l. min-1, k2 and k; of min-1.
are two conditions that alter the lumped constant and rate constants sufficiently to require their rede termination (Ojedde, 198�; Pardridge, 1983) . The lumped constant has previously been experimen tally determined by the model-independent steady state method over the entire range of plasma glu cose concentrations from moderate hypoglycemia to severe hyperglycemia in the rat (Schuier et aI. , 1981; Suda et aI., 1981; Pettigrew et aI. , 1983) . The present study now provides values for the rate con stants to be used over a range of hyperglycemia from moderate to severe. The rate constants for transport of DO between plasma and brain and its phosphorylation in tissue vary not only from animal to animal but in the same animal from structure to structure and from condi tion to condition. They cannot, however, be esti mated simultaneously with LCMR g\u when the latter is determined with an auto radiographic method. The same is true for the corresponding rate constants for glucose. It was, in fact, precisely for this reason that radioactive DO rather than glu cose was selected as the tracer for the autoradio graphic measurement of LCMR g\u; it made it pos sible to extend the experimental period after an in travenous pulse of tracer long enough to minimize the impact of uncertainties in the values of the rate constants on the calculated rates of glucose utiliza tion before encountering significant loss of product. The terms in the operational equation of the method that contain the rate constants diminish with increasing time after the pulse, while the terms from which they are being subtracted increase, thus attenuating the influence of the terms with the rate constants (and, therefore, also the rate constants themselves) on the final result (Sokoloff et al. , 1977). If it were possible to extend the experimental period to infinite time to allow the terms with the rate constants to reach zero, then the rate constants would have no influence on calculated LCMR g 1 u and could be completely ignored. The experimental period cannot, however, be extended indefinitely because loss of labeled product increases with time until it eventually becomes significant. To resolve this dilemma, a 45-min experimental period was se lected and recommended; it was found experimen tally to be short enough to keep effects of loss of product negligible and yet long enough to reduce the impact of inaccuracies in the rate constants to reasonable levels (Sokoloff et aI., 1977; Sokoloff, 1982) . For example, k:{ and kj appear in the opera tional equation of the method only as their sum, (k:{ + kj) (Sokoloff et aI., 1977) ; in the normal con scious rat under physiological normoglycemic con ditions, (k:{ + kj) can vary by several orders of magnitude (e.g., 0.14-00 min -I ) without altering the values for LCMRg1u calculated with the operational equation at 45 min by > 10% (Sokoloff, 1982) . A 100% error in the value for Ki would lead to an error in the calculated average CMRg1u for the brain as a whole of � 10%, somewhat greater in struc tures with low rates of glucose utilization, such as white matter, and less in gray structures with higher LCMRg1u' Therefore, for normal physiological con ditions the rate constants determined in normal normoglycemic conscious rats can be used with reasonable confidence when the duration of the ex perimental period is 45 min. Furthermore, even though the rate constants vary from structure to structure, the ranges in their variations in gray and white matters are sufficiently small that at 45 min their average values in gray matter and in white matter can be used for all the gray and white struc tures, respectively. The rate constants for gray and white matter are sufficiently different, however, that it is not advisable to average them and use a single overall set of constants for both gray and white matter, even though an experimental period of 45 min after the pulse attenuates errors due to inaccuracies in the rate constants; instead it is rec ommended that average rate constants for gray and white matter be used separately for gray and white structures to lessen potential errors associated with these rate constants.
These considerations are important in inter preting the results of the present studies. A striking feature of these results is the large uncertainty in the values of the rate constants derived from the nonlinear least-squares fitting to the tissue concen trations measured by quantitative autoradiography of brain sections from groups of matched rats. Be cause of the large standard errors of the estimates associated with each individual rate constant within each brain structure, the entire initial set of experi ments to determine the rate constants at the three hyperglycemic values was replicated in another set of three groups of animals. The standard errors of the estimates in the second series were equally large, and moreover the values of each of the indi vidual rate constants were substantially different between the two series. These differences were considerably greater than we have encountered be tween replicate determinations of rate constants in J Cereb Blood Flow Metab, Vol. 8, No. 3, 1988 normoglycemic animals; the reasons are unclear but may be related to additional variances asso ciated with the hyperglycemic conditions. The large uncertainty in the accuracy of the rate constants serves to emphasize the importance of employing an experimental procedure that minimizes their in fluence in the determination of LCMRglu by autora diographic methods. This consideration was the basis of the use of a long experimental period fol lowing the administration of a pulse of the tracer compound. When weighted average CMRg1u for the brain as a whole was calculated separately with the averages of the rate constants for gray matter structures determined in Series A and B (Table 1) , the values for CMRglu differed from those obtained with the averaged rate constants from both series ( Table 2) by -1 to + 1% at 350 mg/dl (19.4 mM), -8 to + 3% at 450 mg/dl (25 mM), and -14 to + 7% at 550 mg/dl (31 mM). Regardless of which set of rate constants (i.e., Series A, Series B, or the means of the two series) was used to calculate LCMRg1u, the pattern and distribution of the effects of hyperglycemia on LCMRglu in the individual structures of the brain remained essentially the same. Because there was no objective basis on which to select between the rate constants deter mined in Series A and in Series B and also because there was negligible difference in the effects of hy perglycemia on LCMRglu calculated with both sets of rate constants, we are presenting only the results obtained with the means of the rate constants of the two series (Table 2) in Fig. 2 and in Ta ble 3. It should be noted, however, that although the use of a 45-min experimental period after the pulse of [14C]DG was effective in attenuating the effects of the differences between the rate constants obtained in Series A and Series B to negligible levels, it was insufficient to do the same with the greater differ ences between the rate constants found in hyper glycemia in the present studies and those pre viously determined in normoglycemia (Sokoloff et aI., 1977) . LCMRglu calculated in the hypergly cemic rats with the single set of rate constants de termined for normoglycemic rats showed relatively little change « 10%) at 350 mg/dl from the values at normoglycemic levels but tended to decrease with increasing plasma glucose concentration until at 550 mg/dl the values were generally 10-20% below those in normoglycemia in most gray structures and even more so in white matter. This decline in calcu lated LCMRgl U was obviously due to the failure to take into account the diminution in Ki with in creasing plasma glucose concentration (Table 1; Fig. 2 ). When LCMRglu was calculated with the rate constants appropriate to the arterial plasma glucose concentration (Table 2) , then the effects of hyperglycemia disappeared in all but the four struc tures discussed below (Table 3) . These results pro vide further emphasis to the importance of redeter mining the rate constants, particularly Ki, in con ditions, like hyperglycemia, when they may deviate outside the normal physiological range.
The results show that Ki and kt decrease with increasing arterial plasma glucose concentration (Fig. 2) . These results were to be expected. Glu cose and [14C]DG compete for the same carrier that transports them across the blood-brain barrier and for the hexokinase that phosphorylates them. In creases in plasma and tissue concentrations of glu cose then enhance the competitive inhibition of the uptake and phosphorylation of [l4C]DG. Although a decrease in k� with increasing plasma glucose con centration might also be expected, none was ob served, probably because of the even greater unre liability in the values of k� than of the other rate constants determined by the fitting procedures. The sum of k� and kt is equal to the rate constant for the turnover of the free [14C]DG pool in the brain tissue, and the half-life of this pool can be calcu lated by dividing (ki + kf) into loge2. As pre viously shown for the free glucose pool in brain (Savaki et aI., 1980) , the half-lives of the free [l4C]DG pools tend to increase with increasing plasma glucose concentration in both gray and white matter ( Table 2) .
The values for LCMRglu determined with the lumped and rate constants appropriate to the level of hyperglycemia show that there is no change in the average rate of glucose utilization in the brain as a whole in the hyperglycemic range of 350-550 mg/dl (19-31 mM). This finding is in agreement with the results of previous studies (Gottstein and Held, 1969; Bachelard et aI., 1973) . Statistically sig nificant changes in the rates of glucose utilization were found in a few discrete brain structures, but these may have been spurious owing to the rela tively large number of structures examined. It is of interest, however, that significant increases were found in the ventromedial and anterior nuclei of the hypothalamus (Table 3) . Hyperglycemia is known to alter the firing rate of neurons in the ventrome dial hypothalamus (Anand et aI., 1964; Oomura et aI., 1964 Oomura et aI., , 1973 Oomura et aI., , 1975a . Increased glucose utiliza tion in the ventromedial and anterior hypothalamic nuclei could also have resulted from the secondary hyperinsulinemia that accompanied the hypergly cemia and was previously found to increase LCMRglu in these same structures (Lucignani et aI., 1987b ). An increase just short of statistical signifi cance (p = 0.07) was also found in the paraventri-cular nuclei at 550 mg/dl (31 mM); these nuclei are metabolically activated by osmotic loading (Kade karo et aI., 1986) , which almost certainly occurs in high levels of hyperglycemia. Glucose utilization was also increased in the globus pallidus and amyg dala, nuclei that are not known to contain either glucose-sensitive or insulin-sensitive neurons, but could also have been metabolically activated secon darily to effects in other nuclei in pathways projec ting to them. It should be noted that all these nu clei, particularly the ventromedial hypothalamus, which has long been considered a satiety center, have been implicated in the control of feeding and/ or drinking behavior (Morgane and Kosman, 1957, 1959; Fonberg and Delgado, 1961; Morgane, 1961; Oomura et aI., 1967; Leibowitz, 1978) .
